1. Enzymically active insoluble derivatives of chymotrypsin and rennin were prepared by coupling each enzyme to agarose as described by Porath, Ax6n & Ernback (1967) and rennin to aminoethylcellulose by the method of Habeeb (1967). 2. Agarose-chymotrypsin was stable over the range pH 2-9, but agarose-rennin released active enzyme into solution at above pH 2 and aminoethylcellulose-rennin was similarly unstable at certain pH values. 3. Each derivative appeared to catalyse the clotting of milk at 300, but this was probably entirely due to enzyme released into solution from the carrier. 4. The presence of a competitive inhibitor of chymotrypsin during its coupling to agarose had no effect on the activity or stability of the resulting derivative. 5. The characteristics of agarose and cellulose render them not entirely suitable for use in a continuous system with milk.
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Water-insoluble derivatives of enzymes may be prepared by either coupling the enzyme to an insoluble carrier or extensive cross-linking. The preparation, use and advantages of such derivatives have been reviewed by Silman & Katchalski (1966) . In general the derivatives are less active than the corresponding soluble enzymes, particularly with high-molecular-weight substrates. However, this is offset by the fact that they can be used repeatedly since they can be recovered from a reaction mixture by flitration or centrifugation. In addition, they can be used for continuous processes in either packed beds or flow-through reactors (Lilly, Kay, Sharp & Wilson, 1968) .
It was our aim in this work to determine whether insoluble enzymes could be used to catalyse the clotting of milk. Milk clotting occurs in two stages: first proteolysis takes place, followed by aggregation of the micelles to produce clotting (Jolles, 1966) . These processes can be separated if the enzymic stage is carried out below 100; the second stage then takes place on raising the temperature. The two stages occur simultaneously in conventional cheesemaking, but are usually separated in continuous processes such as the continuous curdmaker of Berridge (1968) . The use of a reactor involving an insoluble enzyme for the enzymic stage of milk clotting would permit this to be carried out continously. Such a reactor could easily be added to continuous curdmakers already in use and would also help to overcome the present world shortage of rennin (EC 3.4.4 (Berridge, 1955) , dissolved in an appropriate buffer. agarose, coupling of chymotrypsin and washing of the product were carried out as described by Porath, Ax6n & Ernback (1967) . Coupling of rennin to agarose was carried out by a modification of this procedure occasioned by the instability ofrennin in alkaline solution. With the exception of derivative 6 (see Table 2 ), coupling was carried out in O1M-Na2HPO4-KH2PO4 buffer, pH6-3, and the product was washed for 24hr. with each of0 1 M-Na2HPO4-KH2PO4 buffer, pH6-3, containing lM-NaCl, 00O1M-HCI containing lM-NaCl, and O OlM-sodium acetate buffer, pH4-1. It was stored in the last buffer at 40 in the presence of thymol. Derivative 6 was coupled in 0 1 M-NaHCO3, but was washed in the same way as the other agarose-rennin derivatives. Controls, with agarose that had not been activated by treatment with CNBr, were carried out for both chymotrypsin and rennin to check the efficiency of the washing procedure in removing adsorbed enzyme.
Rennin was coupled to AE-cellulose by a modification of the method described by Habeeb (1967) Zittle & Custer (1963) with the omission of the ethanolprecipitation step. The enzyme was incubated at 300 with 05% (w/v) K-casein in 0 lM-sodium citrate buffer, pH5-3, and the reaction stopped after 20min. by the addition of trichloroacetic acid to a final concentration of 5% (w/v).
After centrifugation, samples of the supernatant were taken for nitrogen determination (Lang, 1958) . RESULTS Extent of coupling of enzymes to carriers and specific activities of derivative8 with protein and lowmolecular-weight substrates. Table 1 shows, for three different experiments, the extent of coupling of chymotrypsin to agarose under the conditions used by Porath et al. (1967) and the enzymic activities of the resulting derivatives. The results obtained with agarose that had not been treated with cyanogen bromide indicate that 95% of the enzyme was covalently bound in the derivative obtained from cyanogen bromide-treated agarose. Table 2 shows the corresponding results for various agarose-rennin derivatives. For rennin the coupling was normally carried out at a pH less than that used for chymotrypsin because rennin is unstable above pH6-5. No rennin appeared to have been adsorbed on the agarose, therefore all the activity of the derivatives was presumably due to covalently bound enzyme. The enzymic activities of derivatives 1-4 were independent of the amount of enzyme bound. Derivatives 5 and 6 were of lower relative activity. With derivative 6 this is presumably because the coupling was carried out at a pH at which rennin is unstable, but the reason for the low activity of derivative 5 is not clear.
When purified rennet was coupled by means of glutaraldehyde to AE-celluloee the enzyme content of the derivative was 5.9% with a specific activity of 0.014% of that of soluble enzyme. The control material, without glutaraldehyde, contained no detectable enzyme on a nitrogen basis, but showed enzymic activity at 0.003% of that of soluble enzyme. Therefore it appeared that about 20% of the activity of the derivative was due to adsorbed rather than coValently bound enzyme and, in addition, the specifi, activity was lower than was normal for the corresponding agarose derivative.
Stability of insoluble enzyme derivatives with pH and time. Insoluble enzyme derivatives are valuable only if they can be both stored and used under conditions in which there is neither loss of enzymic activity nor release of activity in a soluble form.
From the present point of view, pH and time appeared to be the most important variables.
After storage for 4 months at 40 in 0 01 M-acetate buffer, pH4 1, a sample of agarose-chymotrypsin retained 82% of the original activity in a solid form with not more than 2% of the original activity present in solution. When agarose-chymotrypsin was stored for 8 days at 4°in OO1lM solutions of buffers in the range pHt 2-9, no detectable activity was released into solution in any case and the activity of the solid enzyme was significantly decreased at pH2-0 (to 76% of the original) and at pH6*2 (to 67% of the original), but not at pH4-1, 7-8 and 9-0. 184 Table 3 for agarose-rennin except that 2 ml. of suspending solution was used and the mixtures were stored at 4°for 4 days.
1969-WATER-INSOLUBLE RENNIN AND CHYMOTRYPSIN
Total activity (% of that of the final suspension of the sample stored at pH6-2) % of activity Time (hr.) Fig. 1 . Time-course of release of soluble agarose-rennin at pH 6-2. A portion (16.5n rennin (derivative 4) was washed on a sint phosphate buffer, pH6-2, and then resuspi of this buffer. The mixture was stirred at 4 thereafter samples were filtered and the soli filtrate were recovered and assayed as descri o, Activity of solid material; 0, activity ol confirmed by Fig. 1, which Table 4 the insoluble enzyme was maximall1 respect to both release of enzymic solution and activity of the solid at slig Stability of in8oluble derivative8 during enzymic a88ay8. Results detailed in the previous section show that both agarose-rennin and AE-celluloserennin release enzymic activity into solution under certain conditions, and results described below show that the same is true for agarose-chymotrypsin. Therefore the question arose whether the enzymic activities determined by the assay procedures were entirely due to the solid enzymes or were partly or completely due to enzymes released into solution during the assay. This was answered by carrying out the assay of each insoluble enzyme by the standard procedure except that, at the end of the normal 20min. incubation period, the 100 120 insoluble enzyme was rapidly filtered off and the filtrate divided into two portions. The first portion was immediately acidified but the second was enzyme firom incubated for a further 20min. at 300 before acidifiag.) of agarose-cation. The amount of hydrolysis of substrate ter with 001lm-during the second incubation period provided a ed.At intervals measure of the amount of enzyme in solution at the id material and end of the first period. Therefore the ratio of the bed for Table 3 . amount of hydrolysis in the second to that in the f filtrate. first period gave the maximal contribution of soluble enzyme to the total enzymic activity.
On this basis, about 5% of the activity of agarose-chymotrypsin was due to soluble enzyme e time-course when assayed with either whole casein or BPNE as rom agarose-substrate. With agarose-rennin (derivatives 5 and oh derivatives 6) and AE-cellulose-rennin no perceptible soluble ivative 5) and enzyme was released. With the control AEivative 6) the cellulose-rennin, where glutaraldehyde was absent 3ed into solu-during the preparation, 16% of the total activity of that with was due to enzyme released into solution. heir relatively Clotting of milk by insoluble enzyme derivative8. )f the enzyme Each of the three types of insoluble enzyme derivatives prepared apparently catalysed the ilose at 40 at clotting of milk at 30°, but in all cases this was
In this case shown to be almost entirely due to released soluble y stable with enzyme. The results are shown in Table 5 , the activity into activities of the insoluble derivatives being cor- Table 5 . Clotting of milk by in8oluble enzyme derivative8 at 30°I n each case a sample of the enzyme derivative was washed thoroughly on a sinter with separated milk at pH6-6 and then resuspended in water. Then 0*2ml. of the suspension was added to 0-5ml. of milk and the mixture shaken at 300 until the milk clotted. The mixture was filtered on a sinter, a 0-2 ml. sample of the filtrate added to a further 0-5ml. of milk and the clotting time determined. The first clotting time, recorded below, was a measure of the total enzyme activity of the derivative due to both soluble and insoluble enzyme. The second clotting time enabled calculation of the maximal contribution of soluble enzyme to the activity. Fig. 1 ): on assay with K-casein at the pH of milk up to 90% and 58% respectively of the activities of derivatives 5 and 6 were due to soluble enzyme.
Detailed studies of the release of soluble enzyme from agarose-chymotrypsin and AE-celluloserennin derivatives were not carried out. However, it was observed that, even after extensive washing of agarose-chymotrypsin with milk, the release of soluble enzyme reached its maximum within 1 min. of suspending the derivative in milk at 4°. This suggests that the released enzyme had previously been adsorbed on the agarose rather than covalently bound and this probably accounted for the entire activity of the derivative. With AE-celluloserennin the control derivative had the greater milkclotting activity, suggesting that all the activity of the derivative in which rennin was covalently bound was due to adsorbed enzyme. Flow rate (ml./min.) Fig. 3 . Hydrolysis of total casein and K-casein by columns of agarose-chymotrypsin and agarose-rennin at 4°. For the agarose-chymotrypsin column, 13-6mg. of agarosechymotrypsin (derivative 1) was poured into a 1-1 cm.-diameter column and washed with 50ml. of 0-1M-tris-HCl buffer, pH7-8. Then 0.5% total casein in 0-lM-tris-HCl buffer, pH 7-8, was passed through the column at various flow rates. Samples of the effluent were collected and the extent of hydrolysis was determined from the extinction at 280nm. of the supernatants after acidification with 3% (w/v) trichloroacetic acid. This was related to the extinction at 280nm. after hydrolysis with crystalline chymotrypsin. The agarose-rennin column was set up similarly except that 8-0mg. of agarose-rennin was used, the buffer was 0-1lm-citrate, pH 5-3, and the substrate was 0.5% K-casein. The extent of hydrolysis in samples of the effluent was determined from the nitrogen content of the supernatants after acidification with 5% (w/v) trichloroacetic acid and related to the nitrogen content after maximal hydrolysis with crude rennet. *, Agarose-chymotrypsin column; o, agarose-rennin column. activity or the extent of solubilization of the preparation with BPNE, casein or milk.
U8e of in8oluble enzyme derivative8 in a continfUOU8 8ystem. Lilly et al. (1968) have pointed out that insoluble enzymes can be used continuously in either packed beds or flow-through reactors. The applicability of these for use with protein substrates and milk has been investigated with agarosechymotrypsin and agarose-rennin derivatives.
The hydrolysis of total casein and K-casein by passage through columns of agarose-chymotrypsin and agarose-rennin respectively at 40 is shown in Fig. 3 . In each case 250ml. of substrate solution was passed through the column over a period of 3 days, the flow rates being varied randomly. The enzymic activity did not change significantly over the period of either experiment. The volume of the agarose-chymotrypsin column was about 1 ml., so, assuming that the void volume was not greatly different, maximal hydrolysis was obtained with a contact time between substrate and enzyme of about 20min. and 50% hydrolysis required a contact time of about 1-7min. Since the volume of the agarose-rennin column was about 0-5ml., complete hydrolysis required an enzyme-substrate contact time of about 62min. and 50% hydrolysis about 12min.
Attempts to pass milk through columns were less satisfactory as the column eventually clogged, particularly at low flow rates. Therefore the use of a flow-through reactor was tried, but this was not successful as the agarose beads quickly broke up as a result of the vigorous stirring.
Competitive inhibition of chymotrypsin during the coupling reaction. The binding of an enzyme to an insoluble carrier presumably involves several different covalent bonds and thus might decrease the ease with which conformational changes occur. There is evidence that this occurs in that certain insoluble derivatives are more stable than the corresponding soluble enzymes to heat and denaturing agents such as urea (Silman & Katchalski, 1966; Hornby, Lilly & Crook, 1966; . Therefore conformational changes during enzyme action (Koshland, 1960) might be impeded by binding of the enzyme to the carrier. Thus the presence of a competitive inhibitor during coupling, which would hold the enzyme in its active conformational state, might both increase the activity of the bound enzyme and decrease any tendency to solubilize. This was investigated for agarose-chymotrypsin by using 0-05M-DL-N-acetyltryptophan as the competitive inhibitor (Huang & Niemann, 1951) ; this was present during coupling but was subsequently washed out of the derivative. It had no significant effect on either the enzymic DISCUSSION By using slight modifications of the methods of Porath et al. (1967) and Habeeb (1967) insoluble derivatives of rennin that catalyse the hydrolysis of K-casein have been prepared. In certain cases they may also catalyse the clotting of milk, but most of their activity in this respect was due to released soluble enzyme. While the present work was in progress, Jansen & Olson (1969) reported the clotting of milk by an insoluble papain derivative.
The specific activities of the bound enzymes were never more than 20% of those of the corresponding enzymes in solution. This is common to most insoluble enzyme derivatives and is usually attributed to steric hindrance by the carrier to the approach of the substrate (Silman & Katchalski, 1966) . This would be more serious as the size of the substrate increases and explains the very low or zero activity of the enzyme derivatives on casein micelles in milk (particle wt. 107-328 x 107; Nitschmann, 1949) solutions of total casein (particle wt. approx. 100000; Svedberg, Carpenter & Carpenter, 1930) and K-casein (particle wt. approx. 325 000; estimated from the sedimentation coefficient determined by Swaisgood & Brunner, 1962) . A second manifestation of steric hindrance can be deduced from the results in Table 2 relating to agaroserennin derivatives 1-4. This is the approximately constant enzymic activity of the derivative regardless of the amount of enzyme bound. A similar phenomenon was observed when ficin was bound to CM-cellulose (Hornby et al. 1966) . It would appear that the first enzyme molecules are bound in the most accessible parts of the carrier and show most of the activity and that the excess, bound in less accessible areas, is almost inactive. The relatively low specific activities of insoluble derivatives increase the effects of contamination by soluble enzyme. This can result either from adsorption to the carrier as appeared to be the case with AE-cellulose-rennin and agarose-chymotrypsin or from release of apparently covalently bound enzyme into solution as was observed with agarose-rennin (these conclusions are drawn from the data on the relative activities of derivatives prepared from activated and non-activated carriers, the conditions under which soluble enzymes were released and the time-courses of release of soluble enzymes into milk). The specific activities of enzymes released into solution from the bound form were not determined in this work, but it is clear (e.g. from Table 3 and Fig. 1 ) that they were considerably greater than those of the corresponding bound enzymes. In fact, a large amount of soluble enzyme, in terms of activity, could be released without any apparent change in the activity of the solid. This casts doubt on one criterion of insolubleenzyme stability, namely constant specific activity of the solid derivative used in some work (Axen & Porath, 1966; Habeeb, 1967; Porath et al. 1967; Ogata, Ottesen & Svendsen, 1968) , and emphasizes the greater importance of determining any release of activity into solution.
The results reported here also indicate the necessity of determining any release of soluble activity during the enzymic assay (Bar-Eli & Katchalski, 1963; Riesel & Katchalski, 1964) . This is particularly important with large substrates because of the relatively low specific activity of the insoluble material. In this respect the use of milk creates a particular problem. It has not been possible to conclude certainly whether or not the insoluble enzyme derivatives used here showed any activity on milk because of the relatively high activity of the released soluble enzyme.
It was expected that the presence of a competitive inhibitor during coupling would increase both the activity and the stability of the resulting derivative.
The enzyme molecules would presumably be mainly present in the active conformation and would be expected to couple in this form. Once bound to the carrier they would be held in the active conformation after the competitive inhibitor had been washed out. The lack of effect of the competitive inhibitor may indicate that either chymotrypsin alters its conformation to only a small extent on interaction with the substrate or the binding of the enzyme to the carrier is not so rigid as to impede conformational changes.
The aim of the work was not achieved in that a totally insoluble enzyme derivative suitable for use in milk clotting was not prepared. In this respect the most encouraging results were obtained with agarose-rennin derivatives. However, agarose does not appear suitable for use in continuous processes involving milk. It cannot be used in either a stirred reactor, since the beads rapidly break up on stirring, or in a packed bed, because particles from the milk eventually block the column. Cellulose or its derivatives are also not entirely suitable because of the difficulty of completely removing adsorbed enzyme (Hornby et al. 1966; Whittam, Edwards & Wheeler, 1968) .
